Yersinia enterocolitica, the primary cause of yersiniosis, is one of the most important foodborne pathogens globally and is associated with the consumption of raw contaminated pork. In the current study, four virulent bacteriophages (phages), one of Podoviridae (fHe-Yen3-01) and three of Myoviridae (fHe-Yen9-01, fHe-Yen9-02, and fHe-Yen9-03), capable of infecting Y. enterocolitica were isolated and characterized. fHe-Yen9-01 had the broadest host range (61.3% of strains, 65/106). It demonstrated a latent period of 35 min and a burst size of 33 plaque-forming units/cell, and was found to have a genome of 167,773 bp with 34.79% GC content. To evaluate the effectiveness of phage fHe-Yen9-01 against Y. enterocolitica O:9 strain Ruokola/71, we designed an experimental model of the food market environment. Phage treatment after bacterial inoculation of food samples, including raw pork (4°C, 72 h), ready-to-eat pork (26°C, 12 h), and milk (4°C, 72 h), prevented bacterial growth throughout the experiments, with counts decreasing by 1-3 logs from the original levels of 2-4 × 10 3 CFU/g or ml. Similarly, when artificially contaminated kitchen utensils, such as wooden and plastic cutting boards and knives, and artificial hands, were treated with phages for 2 h, bacterial growth was effectively inhibited, with counts decreasing by 1-2 logs from the original levels of ca 10 4 CFU/cm 2 or ml. To the best of our knowledge, this is the first report of the successful application of phages for the control of Y. enterocolitica growth in food and on kitchen utensils.
Introduction
Yersiniosis is recognized globally as an important zoonotic disease, the initial symptoms of which include fever and abdominal pain that may be confused with appendicitis (CDC, 2016) , and diarrhea, which is often bloody (CDC, 2016) . Consumption of raw or undercooked contaminated pork is the main source of this disease in humans (Bottone, 1999) . However, it can also be contracted through contact with someone who has handled a contaminated pork product (CDC, 2016) or contact with infected animals or their feces (CDC, 2016) , and, less commonly, by ingestion of contaminated milk or untreated water.
The facultative anaerobic gram-negative coccobacilli Yersinia enterocolitica is the major cause of yersiniosis (Bottone, 1999) . This bacterium is considered an important zoonotic pathogen in developed countries, being the third most commonly reported in the European Union (EFSA and ECDC, 2015) and the cause of almost 117,000 illnesses and 35 deaths in the United States every year (CDC, 2016) .
Pathogenic Y. enterocolitica strains are commonly categorized into four serogroups: O:3, O:5,27, O:8, and O:9 (McNally et al., 2016) .
Bacteriophages (phages), viruses that specifically infect bacteria, are abundant organisms, with a total population of approximately 10 31 particles (Bergh et al., 1989) . Lytic phages have been used as therapeutic and prophylactic agents to control bacterial infections, as they can lyse their target bacterial cells without disruption of the normal host microbiota (Maura and Debarbieux, 2011) . In addition, phages have been recognized as potential tools to control bacterial pathogens in food instead of antibiotics, the application of which in food is becoming increasingly restricted due to their limitations. Indeed, phages have been successfully employed to control the growth of various foodborne pathogens, and are capable of lysing bacterial cells with high host specificity, preserving any beneficial bacteria present (Jun et al., 2014a) . Food products can be contaminated by pathogens originating from the raw materials used to prepare them, or from humans that manufacture or process the product (Maura and Debarbieux, 2011) . Table 1 Bacterial strains used in this study and infectivity of the Yersinia phages fHe-Yen3-01, fHe-Yen9-01, fHe-Yen9-02, and fHe-Yen9-03. Although several phages able to infect Y. enterocolitica have been described, their study has focused only on physiological and/or genomic characterization (Kiljunen et al., 2005a (Kiljunen et al., , 2005b Leon-Velarde et al., 2016; Pajunen et al., 2000 Pajunen et al., , 2001 Schwudke et al., 2008; Skurnik et al., 2012) . In the current work, we isolated and characterized a virulent Podoviridae phage, designated fHe-Yen3-01, and three virulent Myoviridae phages, fHe-Yen9-01, fHe-Yen9-02, and fHe-Yen9-03 from a Finnish sewage sample. Furthermore, we generated models of contamination to mimic situations considered to be the sources of human yersiniosis. Our aim was to evaluate the effectiveness of Yersinia phages against Y. enterocolitica in pork products and on kitchen utensils.
Materials and methods

Phage isolation and physiological characterization
Phage isolation and purification
Sewage samples were collected from a sewage treatment facility in Viikki, Helsinki, Finland in 2013. Phage isolation was performed using a standard enrichment method with two indicator bacteria, Y. enterocolitica O:3 strain 6471/76 and Y. enterocolitica O:9 strain Ruokola/ 71 (Skurnik, 1984) . All bacterial strains used in this study were cultured in LB broth or on LB agar (LB broth supplemented with 1.5% agar) at 25°C (Table 1) . Phage activity was examined using the conventional double-layer agar method (Adams, 1959) with some modifications. A 100-μl phage suspension was mixed with 300 μl of indicator bacteria. This phage/bacteria suspension was carefully mixed into molten (50°C) soft agar, which was then poured onto prepared LB agar. The soft agar was allowed to solidify for 15 min before the plates were incubated overnight at 25°C.
Plaque purification was performed as previously described (Salem et al., 2015) and repeated three times to ensure that the phage stocks were derived from single plaques. The phages were stored at 4°C in SM buffer (50 mM Tris-HCL [pH 7.5], 0.1 M NaCl, 8 mM MgSO 4 and 0.01% [w/v] gelatin).
Phage morphology, host range, and efficiency of plating (EOP)
To propagate the Yersinia phages in liquid culture, 50 ml cultures of Y. enterocolitica strains 6471/76 or Ruokola/71 in logarithmic phase (OD 600~0 .5) were infected with the phages at MOI of 10, and incubated shaking for 24 h at 25°C. The cultures were then centrifuged for 20 min at 10,000 ×g, and the resultant supernatants were passed through 0.45-μm membrane filters. This procedure was repeated twice to increase the phage titer. For electron microscopy analysis, the phage suspension was purified using Amicon® Ultra centrifugal filter units (MWCO 100 kDa) according to the supplier's instructions (Sigma-Aldrich, St. Louis, MO, USA). The purified phages (10 9 plaque-forming units [PFU]/ml of each phage) were negatively stained with 2% uranyl acetate, and electron micrographs were taken using JEM 1010 (JEOL, Tokyo, Japan) and JEM 1400 (JEOL) transmission electron microscopes at an accelerating voltage of 80 kV. Average phage size was determined from 6 to 8 independent measurements. To evaluate phage host range, the infectivity of the purified phages (10 9 PFU/ml) was tested on 106 Yersinia strains, with plaque formation and number being determined after 24 h of incubation. Plaques were classified into the following three categories according to the degree of clarity: clear, turbid, and no reaction. PFU measurements were taken using the double-layer agar method. The ratio of the number of PFUs obtained with each phage-susceptible strain to the number of those obtained with the corresponding indicator strain was then calculated to obtain EOP values. The EOP assay was performed in triplicate.
One-step growth curve and growth curves of phage-infected bacteria
One-step growth curve analyses were performed as previously described (Ellis and Delbruck, 1939) to determine the burst sizes and latent periods of the phages. The bacterial cultures in the mid-exponential phase were adjusted to approximately 2-7 × 10 7 colony-forming units (CFU)/ml for strains 6471/76 and Ruokola/71. Phage was added to 30 ml of bacterial cultures to achieve a multiplicity of infection (MOI) of 0.001. The preparations were incubated at 25°C with shaking at 200 rpm. Every 5 min, 10 μl was collected and titrated by the doublelayer agar method.
The growth curves for Y. enterocolitica O:3 strain 6471/76 and Y. enterocolitica O:9 strain Ruokola/71 infected by the four phages were determined. Overnight culture of bacteria were diluted 1:20 and grown for 1 h at 25°C to reach early-exponential phase (OD 600~0 .5), and the cultures were divided into 16 1-ml aliquots and infected with the phage at MOIs of 0.1, 1, and 10, after which the total volume of the cultures was adjusted to 30 ml. Non-infected bacteria were used as a control. The cultures were incubated at 25°C with shaking at 200 rpm, and the OD 600 was monitored for 24 h in order to determine changes in the number of viable bacteria throughout the incubation period.
Stability test
Phage stability tests were carried out as previously described (Jun et al., 2014b) . Briefly, to examine phage stability in organic solvents, each phage solution (10 4 PFU/ml) was mixed with an equal volume of chloroform, ethanol, or ether, and incubated at 25°C for 1 h. To evaluate the stability of phages at different pH values, each phage suspension (at a final concentration of 10 4 PFU/ml) was inoculated into LB broth adjusted to a pH of 3, 5, 7, 9, or 11 using 1 M HCl or 1 M NaOH and incubated at 25°C for 1 h. Phage suspensions maintained at pH 7 served as controls. Stability at different temperatures was determined by incubating 10 4 PFU/ml of each phage at 4, 20, 25, 30, 37, 50, or 65°C for 1 h. Following exposure to each condition, the phage suspensions were titrated by the double-layer agar method. All tests were repeated three times.
The logarithmic reduction factor was calculated as an estimate of phage survival in each stability test, as follows:
where R is the reduction factor, A con is the phage titer of the control, and A exp is the phage titer after exposure to a particular organic solvent, pH, or temperature.
Phage genome characterization
Genome sequencing and assembly
Phage genomic DNA was extracted from 2 ml of purified phage suspension (10 9 PFU/ml) as previously described (Sambrook et al., 1989) . Purified phage particles were treated with 10% SDS and proteinase K, and their DNA was extracted with phenol:chloroform:isoamyl alcohol and ethanol precipitation. Sequencing was performed at the Institute for Molecular Medicine Finland (FIMM) Technology Centre Sequencing Unit (https://www.fimm.fi/en/services/technologycentre/). The DNA library was constructed with a Nextera sample preparation kit (Illumina, San Diego, CA, USA), and paired-end sequencing was carried out using a MiSeq PE300 sequencer (Illumina) with a read length of 300 nucleotides. The A5-miseq integrated pipeline for de novo assembly of microbial genomes was used to assemble the genomic sequences (Coil et al., 2015) . The fHe-Yen3-01 and fHe-Yen9-01 sequence data consisted of 80,794 and 43,776 reads, providing 384and 80-fold coverage, respectively.
Bioinformatics and phylogeny
The genomic sequences of the phages were analyzed for putative genes using the GLIMMER and GeneMarkS software (Besemer et al., 2001; Delcher et al., 1999) . All the predicted genes encoding products longer than 30 amino acids were taken into consideration. Final annotation of the sequences was performed manually and the sequences were submitted to GenBank using the Sequin program. Global genome sequence alignments were carried out using the EMBOSS stretcher program. The BLASTP search tool provided by the National Center for Biotechnology Information was used to search for homologs of the predicted gene products. Transmembrane domains and signal sequences were predicted with the programs TMHMM ver. 2.0 and Sig-nalP 4.0 (Krogh et al., 2001; Petersen et al., 2011) . Molecular weight and pI were predicted using the proteomics tools on the ExPASy server. Virulence factor searching was carried out using Virulence Factors of Pathogenic Bacteria (http://www.mgc.ac.cn/VFs/main.htm). Phage genome maps were created using DNA Master. The genomic sequences of fHe-Yen3-01 and fHe-Yen9-01 were deposited to the GenBank database under the accession numbers KY318515 and KY593455, respectively.
Phylogeny analysis was conducted using the VICTOR Virus Classification and Tree Building Online Resource (Meier-Kolthoff and Göker, 2017 ) that employed the Genome-BLAST Distance Phylogeny (GBDP) method (Meier-Kolthoff et al., 2013) under settings recommended for prokaryotic viruses (Meier-Kolthoff and Göker, 2017) . The resulting intergenomic distances (including 100 replicates each) were used to predict a balanced minimum evolution tree with branch support via FASTME including Subtree Pruning and Regrafting (SPR) postprocessing (Lefort et al., 2015) for the formula D0. The tree was rooted at the midpoint (Farris, 1972) and visualized using FigTree (http://tree.bio.ed.ac.uk/software/figtree/). Taxon boundaries at the species, genus, and family level were estimated using the OPTSIL program (Göker et al., 2009) , the recommended clustering thresholds (Meier-Kolthoff and Göker, 2017) , and an F value (fraction of links required for cluster fusion) of 0.5 (Meier-Kolthoff et al., 2014).
Artificial contamination and application of phages to foods and kitchen utensils 2.3.1. Food samples
Raw minced pork, ready-to-eat (RTE) barbequed pork loin (approximately 5 × 8 cm) cut into 2-mm thick chops or slices, and milk were purchased from grocery stores. The food samples were cultured on the Yersinia-selective Cefsulodin-irgasan-novobiocin (CIN) agar (Oxoid, Cambridge, UK) to detect possible background contamination with Yersinia spp.. Immediately after the purchase, the pork samples were aseptically distributed in 25-g portions on Petri dishes, and milk, in 25 ml aliquots into conical tubes. These were then divided into phage-treated and un-treated groups and used without delay in the experiments.
Kitchen utensils and artificial hands
Cutting boards of two different materials (wood and plastic) and knives were purchased and sterilized using ethylene oxide. Sterile surgical gloves were put on the artificial hands, constructed of wood and plastic, in a biosafety level-2 laminar flow hood while wearing sterile surgical gloves.
Bacterial contamination and phage application
Bacterial inoculation was performed as previously described (Jun et al., 2014a) , with some modifications. Kitchen utensils and artificial hands were placed horizontally to prevent the bacterial and phage suspensions to run out from their surfaces, and divided into humid and dry condition groups.
Y. enterocolitica O:9 strain Ruokola/71 was grown to early-exponential phase (OD 600~0 .5), diluted to~10 4 CFU/ml, and 1 ml of this suspension was used to contaminate the food samples to reach an approximate bacterial inoculation level of 10 3 CFU/g or ml. To distribute the bacteria uniformly, the inoculated minced pork and milk samples were mixed thoroughly, and the bacterial suspension was uniformly spread onto the surface of the sliced RTE pork. To enable bacterial cells to bind to the food, the inoculated samples were air-dried for 15 min in a biosafety level-2 laminar flow hood. For the phage-treated groups, raw pork and milk were treated with 1 ml of phage and mixed thoroughly to yield a final dose of 1.77 × 10 8 PFU/g and 1.98 × 10 8 PFU/ ml, respectively, while the phage solution was uniformly spread on the surface of the RTE pork to yield a final dose of 1.82 × 10 8 PFU/g. For the non-treated controls 1 ml of sterile saline was applied to the samples. Once treated, the raw pork and milk samples were maintained at 4°C up to 72 h and the RTE pork was kept in a biosafety level-2 laminar flow hood at 26 ± 1°C for up to 12 h. At appropriate time points, samples were withdrawn for determinations of CFU and PFU.
To inoculate kitchen utensils and artificial hands, 1 ml of the bacterial suspension (ca. 10 6 CFU/ml) was uniformly spread across an equivalent area (10 cm × 10 cm on cutting boards, one side for knives and artificial hands) in both humid and dry groups. This resulted in viable counts of 6.35 × 10 3 CFU/cm 2 on the wooden cutting boards, 3.35 × 10 3 CFU/cm 2 on the plastic cutting boards, 4.65 × 10 3 CFU/ml on the knives, and 1.3 × 10 3 CFU/ml on the artificial hands. After airdrying the samples for 15 min, 1 ml of phage suspension (ca. 10 11 PFU/ ml) was applied uniformly across the inoculated area. Sampling the utensils immediately after phage application yielded counts of 2.3 × 10 8 PFU/cm 2 on wooden cutting boards, 2.35 × 10 8 PFU/cm 2 on plastic cutting boards, 2.25 × 10 8 PFU/ml on knives, and 2.9 × 10 8 PFU/ml on artificial hands. The samples in the dry group were kept in a biosafety level-2 laminar flow hood, while those in the humid group were kept in a separate hood with a humidifier (relative humidity, 81 ± 3%).
2.3.4. Quantitative analysis of Y. enterocolitica and phages in foods, on kitchen utensils and artificial hands CFU and PFU counts were performed as previously described (Jun et al., 2014a (Jun et al., , 2014b , with several modifications. Samples (25 g) of raw and RTE pork were randomly taken from each group at appropriate time intervals and placed in Petri dishes. They were then homogenized in 225 ml of PMB broth (phosphate-buffered saline with 0.5% peptone, 1% mannitol, and 0.15% bile salts) (Laukkanen et al., 2010) and blended in a Stomacher 400C homogenizer (Seward Limited, Worthing, UK). To determine the CFU and PFU counts, 100-μl aliquots of the homogenized samples and milk samples were directly used. The bacteria and phages on kitchen utensil and artificial hand surfaces were sampled using sterile cotton-wool swabs that were vortexed into 1 ml of PMB broth. Similarly, to determine the CFU and PFU counts, 100-μl aliquots of the suspension were used. Cefsulodin-irgasan-novobiocin (CIN) agar (Oxoid, Cambridge, UK) was used to selectively isolate Yersinia for enumeration. During quantification, to confirm the specific isolation of Y. enterocolitica, we randomly collected bull's-eye colonies from CIN agar, carried out ail specific PCR (Salem et al., 2015) , and checked their antibiotic susceptibility profiles with 12 antibiotics. Phage titers were determined by the double-layer agar method. Bacterial and phage counts were normalized by weight (pork), volume (milk, knives, and artificial hands), or size (cutting boards). The experiment was repeated two times.
2.4. Phage safety assessment in mice
Ethics statement
Six-week-old specific-pathogen-free female BALB/c mice were used with the approval of the Institutional Animal Care and Use Committee, Seoul National University, Seoul, Republic of Korea (Reg. No. SNU-170417-7). All animal care and experimental protocols were performed according to the guidelines of the Animal Ethical Committee, Seoul National University.
Phage administration safety test
An in vivo phage safety test was performed with phage fHe-Yen9-01 as previously described (Mai et al., 2015) , with several modifications. The experiment involved five groups of six mice. One was a control group without any intervention, the second received 100 μl of distilled water, and the other three groups were treated with 100-μl volumes of different phage preparations, intragastrically (i.g.), using a 20-gauge stainless-steel ball-tipped catheter. The phage was given as a highly purified preparation (ultra-centrifuged and dialyzed to remove any impurities), as a crude (centrifuged and sterile-filtered) phage lysate, and as a heat-inactivated-(65°C for 2 h) phage lysate. The highly purified phage preparation had a titer of~10 12 PFU/ml, while that of the crude lysate was~10 10 PFU/ml. The health of the mice was then monitored for 28 days.
Statistical analysis
The results were tested for statistically significant differences using Student's t-test (unpaired, two-tailed, and homoscedastic). The SPSS statistical software package, version 19.0 (IBM Corp., Armonk, NY, USA) was used for all statistical analyses.
Results
Phage isolation and physiological characterization
A total of 17 Yersinia phages capable of infecting Y. enterocolitica were isolated from the sewage sample. Of the isolated phages, four (fHe-Yen3-01, fHe-Yen9-01, fHe-Yen9-02, and fHe-Yen9-03) were selected for further study owing to the clarity of the plaques that they formed. Electron microscopy revealed that fHe-Yen3-01 had an icosahedral head and short tail, and fHe-Yen9-01, fHe-Yen9-02, and fHe-Yen9-03 each had a prolate head with icosahedral symmetry and a contractile tail (Fig. 1) . The head diameters of these phages were 44 ± 4 nm (mean ± standard deviation) (n = 6), 69 ± 9 nm (n = 8), 68 ± 9 nm (n = 8), and 78 ± 12 nm (n = 8), respectively; the tail dimensions (length × width) were 19 ± 3 nm × 11 ± 5 nm (n = 6), 116 ± 5 nm × 24 ± 6 nm (n = 8), 125 ± 11 nm × 27 ± 4 nm (n = 8), and 104 ± 11 nm × 19 ± 3 nm (n = 8), respectively. These morphological features demonstrate that fHe-Yen3-01 belongs to the Podoviridae family and fHe-Yen9-01, fHe-Yen9-02, and fHe-Yen9-03 belong to the Myoviridae family.
The host ranges of the four phages were determined by their ability to infect 10 Yersinia species: Y. enterocolitica (n = 81), Y. frederiksenii (n = 6), Y. kristensenii (n = 4), Y. pseudotuberculosis (n = 4), Y. bercovieri (n = 3), Y. aleksiciae (n = 2), Y. intermedia (n = 2), Y. mollaretii (n = 2), Y. nurmii (n = 1), and Y. pekkanenii (n = 1). Of the four phages, fHe-Yen9-01 had the broadest host range, infecting 61.3% (65/106) of the Yersinia strains used in this study (Table 1) , and formed plaques on 65.4% (53/81) of the Y. enterocolitica strains tested. fHe-Yen9-02 exhibited the second broadest host range (42.5%, 45/106), followed by fHe-Yen3-01 (29.2%, 31/106), and fHe-Yen9-03 (25.5%, 27/106). High EOP values were noted using strains of several Yersinia species, including Y. enterocolitica, Y. frederiksenii, Y. aleksiciae, and Y. intermedia, although the highest EOP values were recorded in relation to the indicator strains ( Table 1) . None of the Y. pseudotuberculosis, Y. nurmii, J.W. Jun et al. International Journal of Food Microbiology 271 (2018) 33-47 and Y. pekkanenii strains were infected by any of the four phages. The one-step growth curves for fHe-Yen3-01, fHe-Yen9-01, fHe-Yen9-02, and fHe-Yen9-03 revealed latent periods of approximately 40, 35, 30, and 40 min, respectively, and burst sizes of 21, 33, 20, and 20 PFU/cell, respectively (Fig. 2) . The bacteriolytic effect of the four phages was tested on early-exponential phase cultures of each host strain (Fig. 3) . The OD 600 of the uninfected control culture (MOI of 0) continued to increase during the incubation period. However, the growth of bacteria infected by fHe-Yen9-01 or fHe-Yen9-02 at MOIs of 0.1, 1, and 10 was retarded during the 24 h of incubation. Significant inhibition of growth was observed at MOIs of 1 and 10, although the bacteriolytic activity of fHe-Yen9-01 or fHe-Yen9-02 was less pronounced at an MOI of 0.1. The bacteriolytic effects of fHe-Yen3-01 and fHe-Yen9-03 differed somewhat from those of fHe-Yen9-01 and fHe-Yen9-02. Infection with fHe-Yen3-01 at an MOI of 10 inhibited bacterial growth until 18 h, but the OD 600 increased thereafter at every MOI, and fHe-Yen9-03 did not effectively inhibit bacterial growth, regardless of MOI.
To evaluate their stability, the four phages were exposed to various conditions. fHe-Yen3-01 was found to be the most sensitive to organic solvents (Table 2) . Of the four phages, fHe-Yen9-01 exhibited the smallest decrease in activity following chloroform and ether treatment, with reduction factors (R) of 0.003 and 0.001, respectively. fHe-Yen9-03 was the most stable phage with respect to ethanol exposure (R = 0.091). fHe-Yen9-01 was stable across a pH range of 5-9, whereas fHe-Yen3-01 and fHe-Yen9-02 were found to be stable under alkaline (R = 0.875 at pH 11) and acidic (R = 0.021 at pH 5) conditions, respectively. fHe-Yen9-03 was stable at every pH tested, from 3 to 11. The four phages were stable for 1 h at temperatures from 4 to 37°C, but significant reductions in activity were observed following exposure to 50°C. fHe-Yen9-03 was the most stable of the phages tested at this temperature (R = 0.255). Incubation of the phages at 65°C led to lower levels of activity than those observed after incubation at 50°C.
Phage genome characterization
Sequencing revealed the genomes of fHe-Yen3-01 and fHe-Yen9-01 to be 42,771 and 167,773 bp in length, with 47.67 and 34.79% total GC content, respectively. The predominant start codon was ATG in the genomes of both phages. Several ORFs starting with the alternative start codon (GTG) were found: orf10, orf32, and orf36 (fHe-Yen3-01); and orf42, orf68, orf82, orf85, orf103, and orf148 (fHe-Yen9-01). More details of the predicted genes and gene products, such as locations, directions, sizes, molecular weights, and predicted functions, are shown in Supplementary Table S1 .
In the genome of fHe-Yen3-01, 56 genes were identified, and based on similarity searches, functions could be predicted only for 19 of them. The functions of the other genes remain unknown. The 19 gene products (Gps) were categorized into five functional groups: (i) 7 Gps were classified as phage structure and packaging proteins; (ii) 7 as DNA replication and modification proteins; (iii) 1 as signal transduction and regulatory protein; (iv) 2 as nucleotide metabolism proteins; and (v) 2 as host lysis proteins. The genes predicted to encode structural proteins are located between genes g41 and g49. A phylogenetic tree was generated with most closely related phage sequences present in nucleotide databases (Fig. 4A) , and the highest similarity was found between fHe-Yen3-01 and the virulent Yersinia phage ϕ80-18 [GenBank accession number: HE956710]. ϕ80-18 infects Y. enterocolitica serotypes O:7,8 and O:8 using the LPS O-antigen as receptor (Zhang and Skurnik, 1994; Zhang et al., 1997) . The nucleotide sequence identity between fHe-Yen3-01 and ϕ80-18 genomes was approximately 93%, with 52 (92.85%) of the former's 56 genes having homologs in the genome of the latter (Fig. 5) . Based on the ICTV criteria, these two phages represent separate phage species. It is remarkable, that the host range of ϕ80-18 is restricted mainly to Y. enterocolitica serotypes O:7,8 and O:8, while that of fHe-Yen3-01 is much wider, including many different Y. enterocolitica serotype strains and also Y. enterocolitica-like species (Table 1) . To study whether this host range difference could be J.W. Jun et al. International Journal of Food Microbiology 271 (2018) 33-47 explained by differences between the receptor binding proteins of these phages, the tail fiber protein sequences of fHe-Yen3-01 (gp49) and ϕ80-18 (Gp50) were compared. While they were 82% identical, 420 amino acids at the N-terminal share 97.5% identity, and the differences are accumulated within the C-terminal, which occupies one third of the protein and shares only 56% identity. This is generally the location of the receptor binding domain, thus explaining the differences in the host ranges. Table 2 Stability of four Yersinia phages, fHe-Yen3-01, fHe-Yen9-01, fHe-Yen9-02, and fHe-Yen9-03, when exposed to various organic solvents, pH values, and temperatures.
Experimental condition a
Surviving phage b (reduction factor) fHe-Yen3-01 fHe-Yen9-01 fHe-Yen9-02 fHe-Yen9-03
Organic solvent PBS (control) 6.0 × 10 4 1.1 × 10 4 2.6 × 10 4 2.96 × 10 4 Chloroform 7.58 × 10 3 ± 1.39 × 10 3 (0.899) 1.09 × 10 4 ± 9.1 × 10 2 (0.003) 8.6 × 10 3 ± 1.38 × 10 3 (0.48) 7.99 × 10 3 ± 5.01 × 10 2 (0.569) Diethylether 9.7 × 10 3 ± 2.1 × 10 3 (0.792) 1.09 × 10 4 ± 5.25 × 10 2 (0.001) 8.25 × 10 3 ± 8.82 × 10 2 (0.498) 2.14 × 10 4 ± 1.13 × 10 3 (0.141) Ethanol 1.26 × 10 4 ± 1.76 × 10 3 (0.676) 4.59 × 10 3 ± 3.1 × 10 2 (0.379) 9.94 × 10 3 ± 5.84 × 10 2 (0.417) 2.39 × 10 4 ± 1.7 × 10 3 (0.091) pH 3 0 (4.778) 0 (4.041) 0 (4.414) 6.41 × 10 2 ± 2.96 × 10 2 (1.665) 5 0 (4.778) 8.66 × 10 3 ± 4.37 × 10 2 (0.104) 2.47 × 10 4 ± 5.85 × 10 2 (0.021) 1.28 × 10 4 ± 1.88 × 10 3 (0.361) 7 (control) 6.0 × 10 4 1.1 × 10 4 2.6 × 10 4 2.96 × 10 4 9 4.27 × 10 4 ± 3.77 × 10 3 (0.147) 8.9 × 10 3 ± 9.43 × 10 2 (0.092) 6.36 × 10 3 ± 8.87 × 10 2 (0.611) 7.61 × 10 3 ± 1.11 × 10 3 (0.59) 11 8.0 × 10 3 ± 6.06 × 10 2 (0.875) 0 (4.041) 0 (4.414) 8.28 × 10 2 ± 4.0 × 10 2 (1.553) Temperature 4 (control) 6.0 × 10 4 1.1 × 10 4 2.6 × 10 4 2.96 × 10 4 20 6.04 × 10 4 ± 7.31 × 10 2 (−0.003) 1.1 × 10 4 ± 9.3 × 10 (−0.002) 2.61 × 10 4 ± 2.7 × 10 2 (−0.003) 2.96 × 10 4 ± 8.4 × 10 2 (0) 25 6.0 × 10 4 ± 2.03 × 10 2 (0) 1.1 × 10 4 ± 9.0 × 10 (−0.002) 2.6 × 10 4 ± 1.17 × 10 2 (−0.001) 2.95 × 10 4 ± 1.31 × 10 2 (0.001) 30
6.0 × 10 4 ± 8.8 × 10 (0) 1.1 × 10 4 ± 1.25 × 10 2 (−0.003) 2.59 × 10 4 ± 1.24 × 10 3 (0.001) 2.93 × 10 4 ± 5.0 × 10 (0.005) 37 5.35 × 10 4 ± 6.1 × 10 3 (0.05) 1.11 × 10 4 ± 2.53 × 10 2 (−0.005) 2.58 × 10 4 ± 2.15 × 10 3 (0.002) 2.64 × 10 4 ± 1.84 × 10 3 (0.05) 50
2.42 × 10 3 ± 1.43 × 10 3 (1.395) 1.13 × 10 3 ± 4.82 × 10 2 (0.987) 7.71 × 10 3 ± 1.68 × 10 3 (0.527) 1.64 × 10 4 ± 4.33 × 10 3 (0.255) 65 0 (4.778) 0 (4.041) 0 (4.414) 0 (4.471) a Control, optimal conditions such as PBS, pH 7, and 4°C. b Surviving phage titer, the mean of three experiments performed in triplicate on separated occasions, with the standard deviations (SD; n = 3).
between genes g170 and g216. Comparative genomics showed that fHe-Yen9-01 shared approximately 84% nucleotide sequence identity with vB_YenM_ϕR1-RT and 76% with vB_YenM_TG1 (85% identical to each other). Only for 36 of the fHe-Yen9-01 genes, the closest homolog in either vB_YenM_ϕR1-RT or vB_YenM_TG1 could not be found (Fig. 5 , Table S2 ). These phages, vB_YenM_ϕR1-RT, vB_YenM_TG1, and fHe-Yen9-01, are phylogenetically clustered in the same group (Fig. 4B) . Genes related to lysogeny were not found in the genome of either phage, and none of their genes were associated with undesirable properties, such as virulence factors that might preclude their use as biocontrol agents.
Phage application to Y. enterocolitica-contaminated foods, kitchen utensils, and artificial hands
To examine the bacteriolytic effect of fHe-Yen9-01 applied to food, samples of raw pork, RTE pork, and milk were treated with this phage after having been inoculated with Y. enterocolitica O:9 strain Ruokola/ 71 (Fig. 6 ). In the control samples (inoculated with bacteria but not treated with phages), the number of CFUs increased during the experiment: from 2.3 × 10 3 CFU/g to 7.84 × 10 6 CFU/g in raw pork, from 2.1 × 10 3 CFU/g to 5.72 × 10 6 CFU/g in RTE pork, and 4.15 × 10 3 CFU/ml to 2.41 × 10 7 CFU/ml in milk (Fig. 6) . In contrast, bacterial growth in raw pork, RTE pork, and milk in the treatment group was inhibited throughout the experiment, with counts decreasing from 2.3 × 10 3 CFU/g to 2.12 × 10 2 CFU/g, 2.1 × 10 3 CFU/g to 3.8 × 10 CFU/g, 4.15 × 10 3 CFU/ml to below the detection limit (< 10 CFU/ml), respectively (Fig. 6 ). The phage titer increased in raw pork and milk for the first 12 (raw pork; from 1.77 × 10 8 to 3.15 × 10 8 PFU/g) and 24 (milk; from 1.98 × 10 8 to 3.0 × 10 8 PFU/ ml), respectively, and the phage titer decreased thereafter in these food samples (Fig. 6 ). High phage titers were recorded in RTE pork until the end of the experiment: between 1.34 × 10 8 and 1.94 × 10 8 PFU/g (Fig. 6 ). In all food samples, high phage titers (at least 10 7 PFU/g or ml) were maintained throughout the experiment (Fig. 6) .
To determine the efficiency of fHe-Yen9-01 treatment of kitchen utensils and hands contaminated with Y. enterocolitica, this phage was applied to wooden and plastic cutting boards, knives, and artificial hands after inoculation with this bacterium and subsequent storage in dry or humid conditions (Fig. 7) . In all cases, CFU counts remained constant for 2 h after the beginning of the experiment; thereafter, no bacteria were detectable (Fig. 7) . In the control group (contaminated with bacteria but not phage-treated), CFU counts increased for 1 h, and high CFU counts (higher than 10 3 CFU/cm 2 or ml) were maintained until 2 h (Fig. 7) . In wooden and plastic cutting boards, humid conditions resulted in higher CFU counts than dry conditions. The highest CFU values were recorded with wooden cutting boards after 1 h and plastic cutting boards after 2 h in humid conditions, 4.0 × 10 4 CFU/cm 2 and 4.5 × 10 4 CFU/cm 2 (Fig. 7) . No significant difference of CFU values was observed between dry and humid conditions in knives and artificial hands (Fig. 7) . In the treatment group, bacterial growth was inhibited throughout the experiment, with the following counts after 2 h (bacterial counts in the control and treatment groups are given, respectively): wooden cutting boards, 9.6 × 10 3 and 9.5 × 10 2 CFU/cm 2 (dry condition), 2.69 × 10 4 and 5.55 × 10 2 CFU/cm 2 (humid condition); plastic cutting boards, 2.09 × 10 4 and 2.9 × 10 2 CFU/cm 2 (dry), 4.5 × 10 4 and 3.95 × 10 2 CFU/cm 2 (humid); knives, 2.0 × 10 3 and 2.45 × 10 2 CFU/ml (dry), 2.76 × 10 3 and 5.0 × 10 2 CFU/ml (humid); artificial hands, 4.13 × 10 3 and 4.0 × 10 2 CFU/ml (dry), 3.55 × 10 3 and 4.5 × 10 2 CFU/ml (humid) (Fig. 7) . However, phage titers under dry and humid conditions did not significantly differ, with titers after 2 h being as follows: wooden cutting boards, 3.68 × 10 8 and 2.45 × 10 8 PFU/cm 2 ; plastic cutting boards, 1.95 × 10 8 and 4.04 × 10 8 PFU/cm 2 ; knives, 2.45 × 10 8 and 4.1 × 10 8 PFU/ml; artificial hands, 4.7 × 10 8 and 5.85 × 10 8 PFU/ml, respectively (Fig. 7) .
Safety assessment of phage preparation
Both the highly purified and the crude phage preparations were completely safe when administered to mice intragastrically and did not affect the physical condition or survival of the mice over the 28 days of observation. Also, the heat-inactivated lysate showed no adverse effects. This result is remarkable as the crude lysate very likely contained bacterial degradation products and thereby also putative toxins.
Discussion
In the current study, four virulent phages, named fHe-Yen3-01, fHe-Yen9-01, fHe-Yen9-02, and fHe-Yen9-03, were isolated from a sewage treatment facility in Viikki, Helsinki, Finland. fHe-Yen3-01 and fHe-Yen9-01 were selected for further study, including genomic characterization, due to their promising characteristics. Analysis of their genomes failed to identify sequences similar to known lysogenic genes, indicating that these are lytic phages. This result supports the potential utility of fHe-Yen3-01 and fHe-Yen9-01 in biocontrol, given that lytic phages are regarded as more suitable for phage therapy (Gutiérrez Fig. 5 . Genomic maps of the Yersinia phages fHe-Yen3-01 (A) and fHe-Yen9-01 (B). The predicted genes are shown as colored boxes with the gene numbers indicated inside. Predicted functions of the gene products based on BLASTP searches are indicated. Non-redundant database using BLASTP. The genes on the + andstrands are shown above (in grey) and below (in white) the scale, respectively. In panel A, the genes shared by fHe-Yen3-01 and ϕ80-18 are shown in green; in panel B, the genes shared by fHe-Yen9-01 and vB_YenM_ϕR1-RT in green, and by fHe-Yen9-01 and vB_YenM_TG1 in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) et al., 2010) . Members of Myoviridae are generally considered to have broader host ranges than those of Siphoviridae and Podoviridae (Wichels et al., 1998) . Consistent with this, the Myoviridae phage fHe-Yen9-01 demonstrated the broadest host range, being able to infect 61.3% (65/ 106) of the Yersinia strains and 65.4% (53/81) of the Y. enterocolitica strains used in this study. A broad host range is an advantage for the application of phages in biocontrol, as a single agent can be used to control several bacteria (Jun et al., 2016) . fHe-Yen9-01 also demonstrated greater bacteriolytic activity than fHe-Yen3-01 in the present work. These findings suggest that of the phages tested, fHe-Yen9-01 has the most promising characteristics for use as an agent to reduce the spreading of Y. enterocolitica from foodstuffs to humans. In addition, this phage proved to be stable when subjected to various stresses likely to be encountered during food processing. As a result, fHe-Yen9-01 was selected for further testing in a biocontrol assay.
We designed two experimental models to simulate what is considered to be the most important Y. enterocolitica infection route according to the prevention guidelines issued by the Centers for Disease Control and Prevention (CDC, 2016) . One was a model of food contamination, recognized as a relatively common source of Y. enterocolitica infections, and the other a model of kitchen utensil contamination, which is likely to occur during food preparation at markets and restaurants and occasionally in domestic kitchens. These models of the food market environment, which includes a great variety of Y. enterocolitica transmission routes, were then used to evaluate the protective effect of fHe-Yen9-01 under conditions analogous to real-life situations. The in vitro test of host cell lysis indicated that bacterial growth was the more effectively inhibited by fHe-Yen9-01 at the higher MOI. Therefore, phage application in the experimental models was designed to yield a final MOI having a minimum of 10 4 .
A number of Yersinia-specific phages have been documented to date (Kiljunen et al., 2005a (Kiljunen et al., , 2005b Leon-Velarde et al., 2016; Pajunen et al., 2000 Pajunen et al., , 2001 Schwudke et al., 2008; Skurnik et al., 2012) . Such phages have been isolated and characterized (Leon-Velarde et al., 2016; Salem et al., 2015) and phage application in meat at 4°C against Y. enterocolitica was studied (Orquera et al., 2012) . However, application of phages on the surface of RTE food or kitchen utensils against Y. enterocolitica has not been studied. Certain foods pose a yersiniosis risk, such as the German minced raw pork dish "met", and the risk of Y. enterocolitica infection associated with the consumption of pork may be considerable even after cooking. Firstly, Y. enterocolitica can survive in cooked pork products, although sufficient cooking should eliminate the bacteria (Grahek-Ogden et al., 2007) . Secondly, a risk of Y. enterocolitica infection remains even when pork is correctly cooked, owing to the possibility of surface contamination during processing of RTE products. In this study, the efficiency of phage application in Fig. 6 . Effect of phage fHe-Yen9-01 on growth of Y. enterocolitica O:9 strain Ruokola/71 on different food samples. The food samples were inoculated with bacteria (ca. 2-4 × 10 3 CFU/g or ml) followed by the phage at MOI of~10 5 . The raw pork and milk samples were stored at 4°C for 72 h and the RTE pork at 26°C for 12 h and monitored for both the CFU/g or ml (left) and PFU/g or ml (right) indicated by the filled circles. The corresponding values in non-infected samples are indicated by open circles. The values represent the means of two experiments performed with triplicate samples on separate occasions, and error bars represent standard deviations (n = 2). controlling Y. enterocolitica contamination of RTE pork was examined at 26°C up to 12 h after bacterial inoculation as this time was sufficient for the bacteria to grow on the non-treated samples, reaching close to 10 7 CFU/g. In the minced meat and milk samples the same levels of bacteria were reached in 72 h at 4°C. Milk is thought to be a source of human Yersinia infections, although this may not be a significant concern in the many countries where pasteurization is used. In accordance to the psychrotrophic nature of Yersinia (Hanna et al., 1977; Swaminathan et al., 1982) , bacterial counts in raw pork and milk significantly increased during incubation at 4°C in the present work, emphasizing the importance of good hygienic procedures for safe food storage.
Cutting boards, knives, and hands have been identified as important causes of cross-contamination with foodborne pathogens in kitchens (Zhao et al., 1998) . We focused on these objects as they are crucial factors in the successful application of phages in various situations. In this study, both wooden and plastic cutting boards were examined to establish if these materials confer different levels of Y. enterocolitica contamination risk. No significant difference was observed between the two, although bacterial counts were slightly lower on the wooden Fig. 7 . Effect of phage fHe-Yen9-01 on growth of Y. enterocolitica O:9 strain Ruokola/71 on different kitchen utensils and artificial hands. The surfaces were contaminated with Y. enterocolitica O:9 strain Ruokola/71, stored in dry and humid conditions for 2 h, and monitored for both the CFU/g or ml (left) and PFU/g or ml (right) indicated by the filled symbols. The open symbols indicate the non-treated control samples. The humid and dry conditions are indicated by circles and triangles, respectively. Results are presented as the means of two experiments performed in duplicate, and the error bars represent standard deviations (n = 2). cutting boards. This appears to be due to the different surfaces of these materials, in that the plastic cutting board was uneven and bumpy, which may have delayed its drying, whereas the wooden cutting board was even and smooth. In general, an uneven surface is regarded as a disadvantage for phage application, as it physically hinders the distribution of phage particles, preventing them from reaching target bacteria (Guenther et al., 2009) . The development of effective phage application methods, such as sprays, should be taken into consideration to maximize treatment efficacy. Because bacterial counts on cutting boards stored under humid conditions were higher than on those kept dry, it would be desirable to dry cutting boards as soon as possible, although this is hard to achieve in the kitchen environment. In addition, the presence of food residues may increase the risk of Y. enterocolitica spreading associated with kitchen utensils, especially when working with gloves, as they are commonly reused.
In summary, given their favorable attributes, the Yersinia phages fHe-Yen3-01 and fHe-Yen9-01 were selected for further study and genomic analysis, which indicated the absence of undesirable genes that may have prevented their application in biocontrol. Neither the highly purified nor the crude fHe-Yen9-01 lysate resulted in any physiological signs of toxicity after oral administration to mice. As no mice showed any adverse effects, we can conclude that the phage preparations were safe at least when administered i.g.. As phages are naturally found in all food products (Soni et al., 2010) , even the strictest regulations concerning their application to food and kitchen utensils cannot prohibit their use. This study emphasizes the potential benefits of applying phages to various objects, from food to kitchen utensils, for the control of foodborne infections.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.ijfoodmicro.2018.02.007.
